Interface state density between a-Si:H and an insulating film (a-SiN 1.7 :H or a-SiO 2.0 ) was measured by photothermal deflection ͑PD͒ spectroscopy and electron spin resonance. While the interface state density in a-SiN 1.7 :H on a-Si:H structure was smaller than the free surface state density on a-Si:H, that in a-SiO 2.0 :H on a-Si:H structure was larger than the free surface state density of a-Si:H. The difference in the surface state density between these specimens was discussed in terms of plasma surface reaction. The effect of plasma reaction was examined by treating the surface of the a-Si:H layer by the plasma of NH 3 or N 2 O gas which were dominant constituents of the source gases used to deposit the insulating layers. The PD spectral shape of a-SiO 2.0 on a-Si:H was similar to N 2 O plasma-treated a-Si:H and that of the a-SiN 1.7 :H on a-Si:H structure was similar to NH 3 plasma-treated a-Si:H. These results indicate that the interface defects in the a-SiO 2.0 on a-Si:H structure were induced by the plasma reaction of the source gas with the surface of a-Si:H at the initial stage of deposition. The interface state densities in a-Si:H on a-SiN 1.7 :H and a-Si:H on a-SiO 2.0 interfaces were smaller than those of a-SiN 1.7 :H on a-Si:H and a-SiO 2.0 on a-Si:H, respectively. These differences in the interface defect density were due to the difference in the precursor used to deposit the upper layer. Chemical reaction on the surface of a-Si:H with a source gas induces interface defects at the initial stage of the deposition of the insulating layer. This surface chemical reaction was investigated by varying the condition of plasma species at the surface of a-Si:H.
I. INTRODUCTION
Metal insulator semiconductor ͑MIS͒ structures are widely used in semiconductor devices. MIS structures consisting of amorphous semiconductor and insulator films are used for devices of thin film transistors ͑TFTs͒. The most suitable semiconducting layer for these devices is a-Si:H and the insulating layer is a-SiN x :H or a-SiO x :H. The quality of the TFTs depends strongly on the density and distribution of the interface states between the semiconductor and insulating layers. 1 Although the nature of the interface between a-Si:H and the insulating layer has been investigated by many researchers, the origin of interface defects has not been clarified. It is important to elucidate the origin of interface defect to prepare high-quality interfaces. Measurements of interface defect density are necessary to clarify its origin. Interface defect density has been estimated by means of photothermal deflection spectroscopy ͑PDS͒ and electron spin resonance ͑ESR͒. [2] [3] [4] [5] [6] [7] Measurements of the interface between a-Si:H and the insulating layer have been performed by many researchers. Yang et al. measured an atomic microstructure of the interface by means of photoemission spectroscopy. 8 They measured interfaces of SiO x -on-Si, SiN x -on-Si, Si-on-SiO x and Si-on-SiN x structures and found that the interfaces are atomically abrupt with an exception of the a-SiO x -on-a-Si:H interface, which is graded over 3 A. Although they implied that the origin of the graded interface is the effect of plasma damage, they did not mention the relation between the interface structure and the defects at the interface. Neutral defect density in the interface was obtained by means of ESR measurements by Min et al. 9 They concluded that defects at the a-SiN x -on-a-Si:H interface are induced by ultraviolet light emitted during the deposition of the a-SiN x layer. Although these reports suggest the importance of the effect due to plasma on the interface, a concrete image of plasma damage has not been obtained so far.
Recently, Maeda et al. revealed the defect formation mechanism on the growing surface of a-Si:H. 10, 11 They concluded that the exothermic energy from the reaction between the SiH 3 radical and the a-Si:H surface breaks weak Si-Si bonds near the growing surface. In the case of a hetero interface, reaction species required to deposit the insulating layer are different from SiH 3 which is a product of plasma decomposition of SiH 4 . This reaction is one of the candidates for inducing interface defects. We discuss the correlation between surface reaction and interface defect density by varying the reaction gas in the plasma. A part of this paper has already been published. a-Si:H layer, SiH 4 ͑5 sccm͒ and NH 3 ͑150 sccm͒ for the a-SiN 1.7 :H layer, and SiH 4 ͑3 sccm͒ and N 2 O ͑240 sccm͒ for the SiO 2.0 layer. The temperature of the substrate was maintained at 250°C, the total gas pressure in the reactor was 0.5 Torr and the rf power was 0.08 W/cm 2 . The film substrate was Corning 7059 glass and vitreous silica for PDS and ESR measurements, respectively. Properties of the insulating films were discussed in our previous papers. [14] [15] [16] The thickness of each layer was controlled by the deposition time to be 20 nm for the a-Si:H layer, 13 nm for the a-SiN 1.7 :H layer and 17 nm for the a-SiO 2.0 layer. These thicknesses are important to estimate interface defect density as shown in Sec. II B. Each layer was deposited sequentially without breaking the vacuum to prevent oxidation. The samples prepared in this experiment are listed in Table I . In the present paper, A/B indicates A on B structure and B/A indicates B on A structure; for example, a-SiN 1.7 :H/a-Si:H indicates a-SiN 1.7 :H on a-Si:H structure. Similarly, ''interface A/B'' means the interface between A layer and B layer of A/B structure. The top SiN 1.7 :H layer on samples ͑b͒, ͑d͒, ͑h͒, ͑i͒, ͑j͒, ͑k͒ and ͑m͒ is a passivation layer to protect the a-Si:H surface from native oxidation which induces surface defects. Sample ͑d͒ was prepared to measure defect density in a-Si:H/a-Si:H interface by stopping the deposition of a-Si:H layer for 5 min.
The surface of a-Si:H was treated by plasma discharge to facilitate comparison with the interface of the stacked structures. The plasma-treated samples were prepared by plasma discharge of NH 3 or N 2 O on the surface of a-Si:H. The condition of the plasma discharge was the same for the deposition of a-SiN 1.7 :H or a-SiO 2.0 layer except that in this case SiH 4 gas was not introduced; the gas flow rate was 150 sccm for NH 3 and 240 sccm for N 2 O under the pressure of 0.5 Torr. The process duration in this experiment was 10 s. The symbol A*/a-Si:H in Table I means the surface of a-Si:H treated by plasma discharge of gas A.
To clarify the effect of partial pressure of plasma species, N 2 O gas was diluted with H 2 or He gas. The gas flow ratios r H ϭ͓H 2 ͔/͓N 2 O͔ and r He ϭ͓He͔/͓N 2 O͔ were varied over a wide range. The total gas pressure, the rf power and the substrate temperature were the same as those used to deposit the SiO 2.0 and SiN 1.7 :H films. The duration of plasma treatment was 10 s, which is shorter than the duration required to deposit the insulating layers. A cap a-SiN 1.7 :H layer was deposited subsequent to the plasma treatment.
Since the source gas used to deposit the a-SiN 1.7 :H or a-SiO 2.0 :H layer was a mixture of SiH 4 and NH 3 or a mixture of SiH 4 and N 2 O, respectively, we can observe effects of the source gases on the surface of a-Si:H by varying the gas ratios of r N ϭ͓SiH 4 ͔/͓NH 3 ͔ or r O ϭ͓SiH 4 ͔/͓N 2 O͔. The change in the gas ratios corresponds to the change in the composition x in the a-SiN x :H and a-SiO x :H layers, respectively. The correlation between composition x and r N or r O is shown in Fig. 1 . The maximum values of x when r N and r O were small ͑but not zero͒ were 1.7 and 2.0 for the a-SiN x :H and a-SiO x :H layers, respectively. A cap a-SiN 1.7 :H layer was deposited on the a-SiN x :H layer because the surface defect density on the Si-rich a-SiN x :H sample was larger than the interface defect density, a-SiN x :H/a-Si:H. We pre- 
B. Measurement of interface defect density by PDS and ESR
The PD measurement method is mentioned in a previous paper. 3 The spectra of a-SiN 1.7 :H/a-Si:H/7059 and a-Si:H/7059 structures are shown in Fig. 2 . The subgap absorption in the energy region below the Urbach tail (បϽ1.5 eV͒ is recognized to be due to the bulk and/or interface defects. [2] [3] [4] 6, 17, 18 We observed interface absorption by preparing very thin layers of films. The bulk defect density of the a-Si:H film prepared in our laboratory was estimated to be less than 10 17 cm Ϫ3 by the ESR measurement. The number of bulk defects per unit area in the 20-nm-thick sample corresponds to less than 10 11 cm Ϫ2 . Since the interface defect density in our sample was estimated to be of the order of 10 12 -10 13 cm Ϫ2 , the PD signal in the subgap absorption is mainly due to the interface defects for this thickness.
3 Therefore, the PD signal of sample ͑a͒ in Fig. 2 and Table I is not due to the bulk defect but due to the surface defect of a-Si:H.
On the other hand, bulk defect density of the insulating layer has to be investigated. The bulk defect densities in a-SiN 1.7 :H and a-SiO 2.0 layers were 3ϫ10 18 and 1 ϫ10 18 cm Ϫ3 , respectively; 13 these values correspond to about 10 12 cm Ϫ2 thicknesses of our insulators. Furthermore, surface defect densities on a-SiN 1.7 :H and a-SiO 2.0 are 0.5ϫ10 13 and 1ϫ10 13 cm Ϫ2 , respectively. 13 Although these values are detectable in our PD system, we could scarcely observe bulk and surface defect absorption in a-SiN 1.7 :H and a-SiO 2.0 as shown in ͑e͒, ͑f͒, ͑g͒ in Table I . The defect absorption in these insulating films is considered to be in a higher photon energy region than that which we are able to observe because the optical bandgaps in these insulating materials are much higher than that of a-Si:H. For example, optical absorption of E' defect centers in SiO 2 glass is at around 4.8 eV, which is a much higher energy than our measurement result. 19 These results indicate that PD measurement is suitable to detect interface defects. Because the bulk defect absorption of insulating and semiconducting layers is negligible, the subgap absorption in Fig. 2 is due to the interfaces and the 7059 substrate. The PD signal of the 7059 substrate was very small but not negligible. The spectral peak at around 0.9 eV in Fig. 2 is due to O-H absorption in the substrate. The PD spectrum of the raw 7059 substrate is shown in Fig. 2 as a dotted line. Figure 2 indicates that the PD signal below the photon energy of 1.0 eV is mainly due to the substrate and that of above 1.0 eV is partly due to the substrate. Absorption due to the substrate was subtracted and shown in Fig. 3 . Hereafter, PD spectra and defect density shown in this paper do not include signals from the substrate.
III. RESULTS

A. Interface state densities in top insulator structures
The results of the PDS measurement of the top insulator structures, a-SiO 2.0 /a-Si:H and a-SiN 1.7 :H/a-Si:H, are shown in Fig. 3 . The surface state density is estimated from an area of subgap absorption and measurement of ESR. The subgap absorption, I PD , was integrated from 1.2 to 1.5 eV to obtain total absorption in this area, I IS .
The optical absorption below 1.2 eV was neglected in this estimation because it was small compared with I IS as shown in Fig. 3 A measurement of the interface defect density by ESR is not simple because the signal of bulk and surface defects in the insulating layer is not negligible as mentioned in Sec. II B. Therefore, we have to subtract the signal of the insulating layer. 13 The results of this subtraction are shown in Fig.  4 . The interface or surface defect densities in a-SiN 1.7 / a-Si:H, a-SiH and a-SiO 2.0 /a-Si:H estimated by the area of these spectra are about 0.5ϫ10 13 , 1ϫ10 13 and 2 ϫ10 13 cm Ϫ2 , respectively. These values are in good agreement with those obtained by the PDS measurement. It is noteworthy that the main peak of ESR absorption in Fig. 4 is near gϭ2.0055 which corresponds to the signal from the a-Si:H layer. This indicates that the defects at the interfaces are not on the SiO 2.0 or SiN 1.7 :H layer side but on the a-Si:H side of the interface.
B. Interface state densities in bottom insulator structures
To investigate the interface defect density in the bottom insulator structures, a-SiN The correlation between the interface defect density and dilution of supplied gas in the plasma is shown in Fig. 6 and samples ͑l͒ and ͑m͒ in Table I . A decrease in the interface defect density was observed by dilution with H 2 gas. Conversely, there was no decrease in the interface defect density by dilution with He gas.
D. Effect of composition x in a-SiO x :H/a-Si:H and a-SiN x :H/a-Si:H
The interface defect density in a-SiO x :H/a-Si:H is shown in Fig. 7͑a͒ . The defect density in Fig. 7͑a͒ at xϭ0 was greater than that in Fig. 6 at xϭ0. Since a surface passivation layer was not deposited on the a-SiO x :H layer, we overestimated the surface defect on a-SiO x :H when x was small. Figure 7͑a͒ indicates that the interface defect density increases with increasing x because the extent of this overestimation decreases with increasing x. The defect density at xϭ2.0 in Fig. 7͑a͒ was nearly the same as when r was small in Fig. 6 . Figure 7͑b͒ shows the results of: ͑A͒ a-SiN 1.7 :H/ a-SiN x :H/a-Si:H and ͑B͒ a-SiN 1.7 :H/a-SiN x :H. Because the interface defect density was obtained by subtracting ͑B͒ from ͑A͒, the interface defect density in a-SiN x :H/a-Si:H increased with increasing x. Conversely, the interface defect density in a-SiN 1.7 :H/a-SiN x :H decreased with increasing x.
IV. DISCUSSION
A. The effect of plasma discharge on the a-Si:H surface
The effect of the plasma on the a-Si:H surface is reported by some researchers. 21, 22 Their results are plotted in Fig. 8 . The thickness of the oxide and nitride layers by plasma treatment of 10 s are estimated to be 2 and 0.3 nm at maximum, from the extrapolation of the plot, respectively. We postulate that this surface reaction is essential for the formation of the surface defects. Not only the plasma oxide but also the native oxide layer increases surface defects as shown in Fig. 3 and Table I . 3, 23 This means that there is a strong correlation between the oxidation process of the a-Si:H surface and the defect formation mechanism.
There are other possibilities for the formation of interface defects. Min et al. reported that the defects in a-SiN x / a-Si:H are induced by ultraviolet light during the deposition of the a-SiN x layer. 9 We examined the possibility of a similar effect for the deposition of the a-SiO 2.0 layer. A structure of a-SiO 2.0 /a-SiN 1.7 :H/a-Si:H ͓sample͑n͔͒ was prepared to check the effect of ultraviolet light during the deposition of the a-SiO 2.0 layer. Because transmittance of the 13-nm-thick a-SiN 1.7 :H layer was more than 80% for ultraviolet light ͑200-400 nm͒, a large number of defects will be induced in the a-Si:H layer in this sample if the effect of ultraviolet light is dominant. The PD intensity in this structure was the same as that in the a-SiN 1.7 :H/a-Si:H structure. This indicates that predominant origin of the large defect density in the a-SiO 2.0 /a-Si:H structure is not the ultraviolet light. The effect of ion bombardment is also not essential because the result of plasma decomposition of N 2 O is not oxygen ions but atomic oxygen. 21 The correlation between the surface reaction and the defect formation is confirmed by changing the conditions of plasma treatment. The reaction of NH 3 gas on the surface of a-Si:H was examined by preparing NH 3 */a-Si:H ͓sample ͑o͔͒. Because the spectra of a-SiN 1.7 :H/a-Si:H and NH 3 */ a-Si:H resemble each other as shown in Table I ͑group B͒, the thin silicon nitride layer should be formed on the a-Si:H surface. This is consistent with the result of Fig. 8 . 22 We can change the surface with N 2 O gas reaction by dilution. The results of Fig. 6 show that the decrease in the surface absorption by H 2 dilution is not only due to the partial pressure of N 2 O but also due to the change in the plasma species because the interface defect density did not decrease by dilution with He gas. There are two possibilities for the roles of H in the plasma. One of the possibilities is the creation of the O-H bond in the plasma. The interface defect induced by the O atom in N 2 O plasma will be different from the O-H radical because the reaction process of O-H is different from O. Another possibility is the termination of surface defects by H in the H 2 plasma. Although we cannot conclude which process is predominant, it is clear that the surface reaction is essential in both cases.
Here we consider the correlation between the interface state density and the plasma surface reaction. The spectrum of a-SiN 1.7 :H/N 2 O*/a-Si:H is similar to that of a-SiO 2.0 / a-Si:H ͑group C͒ and the spectrum of a-SiN 1.7 :H/NH 3 */ a-Si:H is similar to that of a-SiN 1.7 :H/a-Si:H ͑group B͒ as shown in Fig. 6 . Therefore, we assume that the interface defect in a-SiO 2.0 /a-Si:H and a-SiN 1.7 :H/a-Si:H structures are due to the N 2 O and NH 3 plasma in the source gas, respectively. The products of plasma decomposition are atomic O and NH n (nϽ3͒ for N 2 O and NH 3 , respectively. 21, 24 The precursors used to deposit SiO 2.0 and SiN 1.7 :H layers are not atomic O and NH n (nϽ3͒ but Si͑OH͒ n (nϽ4͒ and Si͑NH͒ n (nϽ4͒, respectively. [24] [25] [26] Therefore, a large density in atomic O and NH n (nϽ3͒ is necessary to conclude that the interface defect is due to the plasma reaction. As shown in Fig. 1, the Fig. 6 indicate that the atomic O or NH n in the source gas induce interface defects by the surface reaction.
This reaction occurs at the initial stage of deposition. The duration of N 2 O plasma treatment was varied from 1 to 60 s to estimate the duration of plasma defect reaction. The PD spectra did not depend on the process time. This indicates that the surface reaction required to form defects takes place within a very short time, that is, less than 1 s. If we assume that the deposition rate of a-SiO 2.0 at the early stage is the same as that of the steady state, the deposition of the a-SiO 2.0 layer within 1 s is less than 1 nm. This indicates that the plasma reaction can take place before the deposition of the SiO 2.0 layer. From these results, the initial stage of plasma reaction is considered to be very important.
Because the origin of the interface defect is the reaction between the plasma species and the surface of a-Si:H, the interface defect is considered to be introduced at the surface of a-Si:H. This is consistent with the results of ESR measurement which indicate that the interface defects do not lie in the insulator side but lie in the a-Si:H side of interface. The interface state densities of a-Si:H/a-SiO 2.0 and a-Si:H/a-SiN 1.7 :H structures are smaller than that of a-SiN 1.7 :H/a-Si:H because the a-Si:H layer is not affected by the N 2 O or NH 3 plasma in these interfaces.
B. A surface reaction model
Maeda et al. suggested that the bulk defect in a-Si:H is a result of the surface reaction at a growing interface during the deposition. 10, 11 They found that a large defect density corresponds to high reaction energy. The reaction of the SiH 3 species with the surface breaks the weak Si-Si bond near the surface of a-Si:H. A similar defect formation process is expected at the hetero interface. In the case of the hetero interface, the network forming reaction is not Si-Si but Si-O or Si-N. This reaction and the defect formation process are discussed from the viewpoint of the bond energy. The bond formation energies are shown in Table II . 27 Because the bond energy of Si-O is larger than that of Si-N, reactivity of O with the surface of a-Si:H is greater than that of N. The oxidation occurs in a few monolayers of the surface of a-Si:H because the thickness of the N 2 O plasma oxide layer is about 2 nm at maximum ͑see Fig. 8͒ . On the other hand, formation of plasma nitride takes place at the top monolayer of a-Si:H since the thickness of plasma nitride layer is about 0.3 nm ͑see Fig. 8͒ . Because Si-O bond energy is greater than Si-Si bond energy, reaction energy of O with the surface of a-Si:H is greater than that of Si. Consequently, a large number of Si dangling bonds are formed at the surface of a-Si:H during this oxidation process. A similar process is expected during the native oxidation of the a-Si:H surface. Therefore, defect density in the a-Si:H surface which has a native oxide layer is greater than that in the case of no oxide layer (a-SiN 1.7 :H/a-Si:H͒.
On the other hand, the reactivity of N atoms with the surface of a-Si:H is weaker than O atoms. Therefore, bond breaking reactions by radicals derived from NH 3 ͓for example, NH n (nϽ3͔͒ are less effective compared with those in the case of O atoms. The small reactivity of N is the main reason that the interface defect density in the a-SiO 2.0 /a-Si:H structure is larger than that in the a-SiN 1.7 :H/a-Si:H structure. This consideration is consistent with the results of the plasma oxidation and nitridation shown in Fig. 5 . Not only the difference in the reactivity, but also the role of H in NH 3 plasma is not negligible. In the case of N 2 O plasma, the incorporation of H suppressed defect formation. Although we could not reveal the effect of H in this paper, there is a possibility that H in NH 3 suppresses the defect formation process in analogy with the case of N 2 O. Since the Si-Si bond energy is smaller than Si-N bond energy, interface defect density in a-Si:H/a-Si:H is small as shown as sample ͑d͒ in Table I . Interface defect density in a-Si:H/a-Si:H is estimated to be much less than 5ϫ10 12 cm Ϫ2 by comparing samples ͑d͒ and ͑b͒. If we assume that the thickness of the interface layer is less than 10 nm, interface defects are less than 10 11 cm Ϫ2 . This is consistent with the estimation of the value of much less than 5ϫ10 12 cm Ϫ2 . The small defect density at the interface of the a-Si:H/insulating layer ͑bottom insulator structure͒ is due to the small probability of plasma defect reaction. Since Si-N and Si-O bonds in the insulating layer are stronger than the Si-Si bond, the SiH 3 radical will not effectively induce defects on the surface of the insulating layer. The result of a-SiO 2.0 /NH 3 */a-Si:H ͓sample ͑p͔͒ also reflects the importance of the surface reaction. The interface defect density of this structure was larger than that of NH 3 */a-Si:H ͓sample ͑o͔͒. Because Si-O bond energy is larger than that of the Si-N bond formed by plasma reaction, the very thin SiN layer reacts with O. If we assume this reaction energy breaks the weak Si-Si bond at the surface of a-Si:H, defect density of sample ͑p͒ is qualitatively reasonable. We can explain all of the results shown in Table I by this surface reaction model. Our results suggest that control of plasma species at the surface is essential to prepare a high-quality interface.
V. CONCLUSIONS
We could measure the interface defect density between a-Si:H and insulating layers using PDS by preparing thin 
